Background/Aims: PITX1 has been identified as a potential tumor-suppressor gene in several malignant tumors. The molecular mechanism underlying PITX1, particularly its function as a transcription factor regulating gene expression during tumorigenesis, is still poorly understood. Methods: The expression level and location of PITX1 were determined by quantitative reverse transcription PCR (qRT-PCR) and immunohistochemical staining in gastric cancer (GC). The effect of PITX1 on the GC cell proliferation and tumorigenesis was analyzed in vitro and in vivo. To explore how PITX1 suppresses cell proliferation, we used PITX1-ChIP-sequencing to measure genome-wide binding sites of PITX1 and assessed global function associations based on its putative target genes. ChIP-PCR, electrophoretic mobility shift assay, and promoter reporter assays examined whether PITX1 bound to PDCD5 and regulated its expression. The function of PDCD5 in GC cell apoptosis was further examined in vitro and in vivo. The relationship between the PITX1 protein level and GC patient prognosis was evaluated by the Kaplan-Meier estimator. Meanwhile, the expression level of miR-19a-3p, which is related to PITX1, was also detected by luciferase reporter assay, qRT-PCR, and western blotting. Results: The expression level of PITX1 was decreased in GC tissues and cell lines. Elevated PITX1 expression significantly suppressed the cell proliferation of GC cells and tumorigenesis in vitro and in vivo. PITX1 knockdown blocked its inhibition of GC cell proliferation. PITX1 bound to whole genomewide sites, with these targets enriched on genes with functions mainly related to cell growth and apoptosis. PITX1 bound to PDCD5, an apoptosis-related gene, during tumorigenesis, and cis-regulated PDCD5 expression. Increased PDCD5 expression in GC cells not only induced GC cell apoptosis, but also suppressed GC cell growth in vitro and in vivo. Moreover, PITX1 expression was regulated by miR-19a-3p. More importantly, a decreased level of PITX1 protein was correlated with poor GC patient prognosis. Conclusion: Decreased expression of PITX1 predicts shorter overall survival in GC patients. As a transcriptional activator, PITX1 regulates apoptosis-related genes, including PDCD5, during gastric carcinogenesis. These data indicate PDCD5 to be a novel and feasible therapeutic target for GC.
Downregulated PITX1 Modulated by MiR19a-3p Promotes Cell Malignancy and Predicts a Poor Prognosis of Gastric Cancer by Affecting Transcriptionally Activated PDCD5
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Introduction
Gastric cancer (GC) remains the third leading cause of cancer-related death worldwide. Although significant progress has been made in its diagnosis as well as in surgical combined adjuvant approaches, the outcomes of GC patients have only modestly improved [1] . In recent decades, considerable research has indicated that several signaling pathways are involved in gastric carcinogenesis and GC progression. The activated HGF/c-MET signaling pathway has been positively associated with an advanced GC tumor stage and poor survival [2] [3] [4] [5] . Alteration of the PI3K/Akt/mTOR pathway has been frequently detected in gastric carcinoma [6] [7] [8] , indicating a potential signaling pathway target for efficacious treatment of GC. In gastric carcinogenesis, STAT3 is activated and functions as a transcription factor that induces a host of target genes, involving those involved in cell proliferation, invasion/ metastasis, and angiogenesis [9, 10] . A recent notable study provided a more comprehensive molecular evaluation of primary gastric adenocarcinoma tissues [11] . Although these studies revealed many molecular mechanisms of gastric carcinogenesis, we still have a long way to go before completely mastering GC. Therefore, the identification of more molecular mechanisms in GC carcinogenesis and progression may help in the development of novel therapeutic strategies for this cancer.
Gene expression needs to be tightly regulated by transcription factors to achieve a specific pattern of gene activation or repression during development and carcinogenesis. In response to different stimuli, transcription factors regulate tissue-specific and developmental stage-specific gene expression patterns. Paired-like homeodomain transcription factor 1 (PITX1) was first identified as a bicoid-related transcription factor that was involved in proopiomelanocortin gene expression [12] . PITX1 also represses TERT expression in melanoma cell lines [13] , interacting functionally with other transcription factors such as SF-1 and basic helix-loop-helix transcription factors [14] . More recently, PITX1 was identified in transcription factor-inducible mouse embryonic stem cell lines and enriched in promoters of binding genes, displaying tissue-specific expression in the placenta, bladder, lung, and stomach [15] . PITX1 controls stomach smooth muscle development through the transcription factor BARX1 [16] . Although homeobox genes were initially identified as being involved in organ development, surprisingly PITX1 was recently reported to also be involved in cancer progression via transcriptional activation of p53 [17] and p120RasGAP [18] . Accumulating evidence indicates that PITX1 functions as a tumor-suppressor gene in various types of human carcinoma. Downregulation of PITX1 has been found in several malignant cancers, including oral squamous cell carcinoma [19] , malignant melanoma [20] , esophageal cancer [21] , lung cancer [22] , colorectal cancer [23] , and GC [24] . Thus, PITX1 may play a crucial role in the development of carcinogenesis. However, little is known about the tumor-inhibitory mechanism of PITX1 in regulating tumor-related genes and which molecules regulate PITX1 during tumorigenesis.
In this work, we present a novel anti-oncogenic mechanism in which PITX1 activates apoptosis-related genes and suppresses cell proliferation in GC. PDCD5 expression regulated by PITX1 promoted the apoptosis of GC cells. Decreased expression of PITX1 predicted shorter overall survival in GC patients. Additionally, PITX1 expression was modulated by miR-19a-3p in GC.
Bioinformatics analysis of RNA sequencing data from The Cancer Genome Atlas
The Cancer Genome Atlas (TCGA) dataset, a large cancer dataset with high-throughput sequencing data for protein coding genes, was used to investigate the expression of PITX1 at the mRNA level in GC patients. Publicly available Level 3 RNAseq data HTSeq-FPKM, HTSeq-count, and corresponding clinical data of 407 cancer patients were obtained from the TCGA data portal website. The Bioconductor package edgeR was used to compute the p values and fold changes for the RNAseq read count data in the R platform (version 3.2.3). The expression level of PITX1 was extracted from the HTSeq-FPKM data, excluding those patients lacking complete clinical information or with low-quality data, and a box plot was used to show the differential expression of PITX1 between 367 GC tissues and 31 normal gastric tissues.
Immunohistochemical analysis
Paraffin sections (4 µm) from 174 primary GC tissues (detailed information regarding the patients' clinical features is presented in Table 1 ) were stained with an anti-PITX1 (Abnova, Taipei, Taiwan, China) antibody by incubating the samples overnight at 4°C. Secondary staining with biotin-conjugated antimouse IgG and tertiary staining with HRP-conjugated streptavidin were performed using an ABC kit (PK6100; Vector, Burlingame, CA). Specific staining was visualized by 3, 3'-diaminobenzidine staining. The sample slides were then counterstained with hematoxylin. Images were captured using a Nikon ECLIPSE TE2000-S microscope system (Nikon, Melville, NY).
Real-time quantitative reverse transcription PCR
Total RNA was isolated using TRIzol reagent (Invitrogen). Firststrand cDNA was synthesized from 1 μg of total RNA using Oligo (dT) and AMV reverse transcriptase (Takara, Dalian, China). Real-time PCR was carried out using SYBR Premix Ex Taq (Takara) with the StepOne Plus system (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. The real-time PCR reactions were performed in triplicate and β-actin was used as the internal control. The relative expression level of target RNAs was evaluated by the comparative CT (2 − ΔΔCT ) method. The primer sequences of each gene are shown in Table 2 .
Plasmid construction PITX1 cDNA was isolated by reverse transcription PCR and then cloned into the HindIII/EcoRI sites of pcDNA3.1. The primer sequences are shown in Table 2 . pReceiver-M13-PDCD5 and control plasmid pReceiver-M13 were purchased from GeneCopoeia Corporation (Guangzhou, China). PITX1 shRNA and siRNA and PDCD5 siRNA PITX1 shRNA was purchased from Origene Company (Beijing, China). PITX1 and PDCD5 siRNA were synthesized by GenePharma (Shanghai, China). The sequences were as follows: PITX1 siRNA 1, 5'-ATCGCCGTGT GGACCAACCTCACCGAGCC-3'; PITX1 siRNA 2, 5'-CACTTCACAAGCCAGCAGTT GCAAGAGCT-3'; PDCD5 siRNA 1, sense, 5'-GCAGAAAUGAGAAACAGUATT-3; antisense, 5'-UACUGUUUCUCAUUUCUGCTT-3'; siRNA 2, sense, 5'-GGCCAGGUUAAGUAACUUATT-3'; antisense, 5'-UAAGUUACUUAACCUGGCCTT-3'; siRNA 3, sense, 5'-GGCAAGAUAUGGACAACUATT-3'; antisense, 5'-UAGUUGUCCAUAUCUUGCCTT-3'.
Cell transfection AGS and BGC-823 cells were transiently transfected with 2 µg of the pcDNA3.1-PITX1 construct or the control pcDNA3.1 using the X-tremeGENE HP DNA transfection reagent (Roche, Mannheim, Germany) according to the manufacturer's protocol. Stably expressing PITX1 shRNA cells (MCG-803 #1 and MCG-803 #10) and the control cells (MCG-803 NC) were established and cultured in medium with puromycin. Cells were transfected with 50 nmol/L PDCD5 (GenePharma) or negative control siRNA using the X-tremeGENE siRNA Transfection Reagent (Roche) according to the manufacturer's protocol. After 48 h, cells were harvested for analysis.
miR-19a-3p mimics and negative control molecules (scramble control mimic) were synthesized and purified by GenePharma. They were transfected into cells at a final concentration of 50 nM using Lipofectamine-2000 transfection reagent (Invitrogen) according to the manufacturer's protocol. 
Measurement of cell proliferation

Western blot analysis
Western blots were performed using anti-PITX1 (Abnova), anti-caspase-3 (Cell Signaling Technology, Boston, MA), anticaspase-8 (Cell Signaling Technology), anticaspase-9 (Cell Signaling Technology), anti-PDCD5 (Abcam, Cambridge, UK) and anti-β-actin (Sigma) antibodies and detected using Super Signal chemiluminescence substrate (Pierce, Rockford, IL).
Chromatin immunoprecipitation and sequencing
Chromatin immunoprecipitation (ChIP) experiments were performed using an EZ ChIP™ Chromatin Immunoprecipitation Kit for cell line samples (Millipore, Billerica, MA) according to the manufacturer's instructions. Briefly, the crosslinked chromatin DNA was sonicated into 200 to 1000 bp fragments and then fixed with 1% formaldehyde. Immunoprecipitation was performed using an anti-PITX1 antibody or normal mouse IgG as the negative control. All standard protocols for sequence preparation, sequencing, and quality control were provided by Illumina (San Diego, CA). In short, DNA recovered from a conventional ChIP procedure was quantified using a QuantiFluor fluorometer (Promega, Madison, WI). DNA integrity was verified using the Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA). The DNA was then processed, including end-repair, adaptor ligation, and size selection, using an Illumina sample prep kit following the manufacturer's instructions (Illumina). Final DNA libraries were validated and sequenced at 75 bp per sequence read using an Illumina GAIIx sequencer at a depth of approximately 30 million sequences per sample.
ChIP-seq analysis
ChIP DNA end-repair, adaptor ligation, and amplification were performed according to the manufacturer's protocol. Fragments were isolated from agarose gels and used for sequencing with a Solexa/ Illumina 2G genetic analyzer (CD Genomics, Shirley). Sequencing tags were aligned to the reference genome using SOAP 2.21 (Beijing Genomics Institute [BGI], Shenzhen, China) and Bowtie. We considered those tags that aligned uniquely with less than two mismatches. For enriched-region (peak) identification (peak calling), we used the Model-based Analysis of ChIP-seq (MACS) algorithm with MACS version 1.4.0 software (BGI). A simple yet effective technique for the analysis of eukaryotes, MACS was designed to identify transcription factor binding sites and histone modification-enriched regions in ChIP-seq data sets, with or without control samples. Sequence reads mapping to multiple sites in the human genome were removed. The MACS program was used to determine enriched PITX1 peaks using IgG-ChIP as control. Peaks were displayed through the UCSC Genome Browser (http://genome.ucsc.edu/). The annotation regions of these peaks covered from 2 kb upstream of the transcription start site to 2 kb downstream of the transcription termination site. AmiGO is accessible online at the Gene Ontology (GO) website (http://www.geneontology. org/) for users to obtain the data provided by the GO Consortium. MEME 4.7.0 was used for motif discovery in this study.
Luciferase reporter assay
A fragment of the PDCD5 promoter region was used here (-855 bp to 947 bp). All fragments were synthesized by PCR using genomic DNA from the GES-1 gastric epithelial cell line. The PCR primers used for the PDCD5 promoter region are listed in Table 2 . The PCR products were inserted upstream of the luciferase gene in the pGL3-basic plasmid (Promega), and the correct sequences of all clones were verified by DNA sequencing. Promoter activity was measured using the Luciferase Reporter Assay System (Promega). AGS cells were plated in a 12-well plate and transfected with TP73 or PDCD5 promoter fragments and the pGL3-basic empty vector using Lipofectamine 2000™ (Invitrogen). Cells were harvested at 48 h post-transfection and the luciferase reporter assay was performed using the cell lysate. The experiments were performed three times in triplicates and the results are reported as the mean ± standard deviation (SD).
The amplified PITX1 wide-type or mutant fragments were cloned into the NheI and AccI restriction sites of the pmiRGLO Luciferase plasmid (Promega) using the In-Fusion Dry-Down PCR Cloning Kit (TaKaRa Bio Inc., Shiga, Japan). The primers are shown in Table 2 . AGS cells were seeded into 96-well plates with transfection mixture. Luciferase activity was recorded using the Dual-Glo Luciferase Assay System (Promega) by normalization to Renilla luciferase activity according to the manufacturer's instructions.
Cell synchronization and DNA content analysis by flow cytometry
Cells were incubated in complete RPMI-1640 medium containing 10% FBS for G0/G1 phase synchronization. When the cells reached 40% confluency, they were treated with mimosine (400 μM) for 12 h. After treatment, cells were released in complete medium for different time courses and collected for DNA content analysis. Cell cycle distribution was examined by flow cytometry using a FACScan flow cytometer (Becton Dickinson & Co., San Jose, CA). The relative number of cells in each phase of the cell cycle was analyzed using the Modfit program (Verity Software House, Inc., Topsham, ME).
Cell apoptosis analysis by flow cytometry
Early apoptotic cells were detected using the Annexin V-PI apoptosis detection kit (Biouniquer, Hangzhou, China). PDCD5-induced cell apoptosis was treated with 0.5 µM staurosporine for 12 h before detection in the GC cell lines AGS and BGC-823. Electrophoretic mobility shift assay 5'-Biotinylated oligonucleotides of 25 bp in length were obtained from BGI. Oligonucleotide sequences for PDCD5 probes are listed in Fig. 6 . For annealing, concentrated complementary oligonucleotides were mixed at a 1:1 molar ratio and incubated at 95°C for 5 min; the temperature was then gradually reduced over several hours until the oligonucleotides reached room temperature. Annealed oligonucleotides were diluted to a final concentration of 100 fmol. Nuclear proteins were extracted from AGS-pcDNA3.1 and AGSpPITX1 cells using NE-PERTM Nuclear and Cytoplasmic Extraction Reagents (Pierce) according to the manufacturer's instructions. The LightShift Chemiluminescent electrophoretic mobility shift assay (EMSA) kit (Pierce/Thermo Fisher Scientific) was used according to the manufacturer's instructions. Briefly, binding reactions were performed as follows: nuclear extracts (8 µg protein) and the 1× binding buffer with 2.5% glycerol, 5 mM MgCl 2 , 50 ng/µL poly(dI-dC), 0.05% NP-40, and 60 fmol biotin-labeled probes were incubated on ice for 30 min in a volume of 20 µL. For competition studies, nuclear extracts were incubated with unlabeled oligonucleotide for 30 min before the addition of labeled oligonucleotide. Complexes were separated by electrophoresis on native 6% PAGE in 0.5 × TBE buffer at 110 V. Gels were transferred to Biodyne B pre-cut modified nylon membranes (Pierce/Thermo Fisher Scientific) using a Trans-Blot SD semi-dry transfer cell (Bio-Rad Laboratories). Membranes were crosslinked (UVC-508 UV Cross-linker, Ultra LUM) and the signal was detected with a chemiluminescent detection system (Pierce/Thermo Fisher Scientific) according to the manufacturer's instructions.
Statistical analysis
The mRNA expression level of PITX1 in the GC and matched non-tumor tissue was compared using a paired Student's t-test. An independent Student's t-test was used to compare the results (expressed as the mean ± SD) between any two pre-selected groups. One-way analysis of variance and Dunnett's test were applied to compare data between three or more groups. P < 0.05 was considered statistically significant.
Results
Decreased expression of PITX1 protein and poor prognosis of GC patients PITX1 protein was originally described as a member of the homeobox transcription factor family involved in the transcriptional regulation of proopiomelanocortin gene in the adult pituitary gland [12] . It was subsequently identified as a possible tumor-suppressor gene in various types of human carcinoma. In the present study, we found that PITX1 expression was downregulated at the transcriptional level in 44% (14/32) of GC patients of the Jiangsu province of China (Fig. 1A) . Additionally, 4 GC cell lines showed a different expression level of PITX1 from the GES-1 gastric epithelial cell line (Fig. 1B) . In order to correlate the PITX1 level with GC, we combined the TCGA dataset, which consists of high-throughput sequencing data for protein coding gene expression, into the next analysis. The data indicated that PITX1 had significantly decreased expression in the 367 GC tissues compared with the 31 normal gastric tissues (P = 1.23E-06) (Fig. 1C) . Next, the PITX1 protein level was detected in GC tissues by immunohistochemical analysis in a tissue microarray containing 174 GC samples. A tissue microarray assay (TMA) revealed that PITX1 protein was mainly expressed in the cell nucleus (Fig. 1D) .
To demonstrate the clinical significance of the decreased levels of PITX1 in GC patients, the Kaplan-Meier method was used to compare prognoses among patients with high and low expression levels of PITX1. The mean level of PITX1 protein in the TMA was used as the cutoff to divide patients with cancer into high and low PITX1 expression level groups. The results indicated that GC patients with lower levels of PITX1 had a worse prognosis than those with higher levels of PITX1 (P = 0.027; Fig. 1E ). 
PITX1 suppresses cell growth by arresting the cell cycle at the G1/S phase and inducing cell apoptosis in GC cell lines
The function of PITX1 in GC remains to be elucidated. We first tested if PITX1 affected cell growth. PITX1 significantly inhibited cell proliferation when it was transiently overexpressed in AGS and BGC-823 cells (Fig. 2A) . In addition, cell proliferation ability was improved in MCG-803-shRNA #1 and #10 cells with downregulated PITX1 (Fig. 2B) . In order to determine whether PITX1 suppressed the cell growth of GC cells, we studied the cell cycle using flow cytometry. As expected, we found that ectopic expression of PITX1 significantly increased the percentage of AGS and BGC-823 cells in the G1 phase. In contrast, knockdown of PITX1 in MCG-803 cells significantly reduced the percentage of cells in the G1 phase and increased cell percentages in the S phase (*P < 0.05, **P < 0.01 ; Fig. 2C ), suggesting that PITX1 may delay cell cycle progression and arrest GC cells at the G1/S transition. We further checked whether PITX1 contributes to cell apoptosis in GC cells. We stained the cells with Annexin V and measured the apoptotic cells by flow cytometry. Overexpression of PITX1 resulted in a clear increase in apoptotic AGS and BGC-823 cells. The apoptosis rate was 7.06% in the AGS-pcDNA3.1 cells but 18.89% in the AGS-pPITX1 cells. In another group of cells, the apoptosis rates were 6.25% and 23.7% in BGC-pcDNA3.1 and BGC-pPITX1 cells, respectively. Decreased expression of PITX1 with MCG-PITX1 shRNA #1 inhibited cell apoptosis compared with MCG-NC cells (2.11% vs. 7.98%) (*P < 0.05, **P < 0.01; Fig. 3A) . To further examine the mechanism of PITX1 involved in its promotion of cell apoptosis, we measured the protein expression of several apoptotic markers. As shown in Fig. 3B , overexpression of PITX1 significantly elevated the expression of cleaved caspase-3 and cleaved caspase-9 in AGS-pPITX1 cells compared with AGS-pcDNA3.1 cells. In contrast, knockdown of PITX1 with MCG-PITX1 shRNA #1 reduced the expression of cleaved caspase-3 and cleaved caspase-9 compared with MCG-NC cells (Fig. 3C) . Alteration of cleaved caspase-8 was not clear in any of the tested cells. These results further indicated that PITX1 contributes to induce cell apoptosis in GC.
Decreased expression of PITX1 promotes tumor cell growth in vivo
To investigate the tumor-suppressive effects of PITX1 in vivo, 5 nude mice (one mouse died during the assay) were subcutaneously inoculated with MCG-PITX1 shRNA #1 or control MCG-NC cells. Compared with the negative control group, 3 mice with PITX1 knockdown showed a significantly higher tumor growth in terms of volume and weight (Fig.  4A-C) . Meanwhile, we determined the PITX1 expression level and found that the size of the neoplasm was consistent with the PITX1 expression level (Fig. 4D and E) . These data further demonstrated the paramount role of PITX1 in inhibiting GC tumor cell growth both in vitro and in vivo. 
Genomic profile distribution of genes binding to PITX1 in GC cells
PITX1 protein acts as a transcriptional regulator involved in the basal and hormoneregulated activity of prolactin [25] . To define the genomic targets of PITX1 and investigate how PITX1 suppresses tumor growth, we performed PITX1 ChIP, which we then sequenced, to The horizontal axes showed -log10 transformed P-value and the gene number of each cluster respectively. Only the most significantly enriched clusters were included. C. The scatter plots demonstrated all cluster features about P-value and gene count, and the plots on the top right corner represent high significance and more genes. Cell proliferation and apoptosis were labeled with high significance and more genes.D. The ideograph and histograms of PITX1 binding sites around annotated TSS (transcription start sites) (+ or -20 kb). Number of peak regions was shown in Y-axis. Relative distance to TSS was indicated in X-axis, negative and positive value illustrated localization 5' or 3' to TSS respectively. E. Frequencies of PITX1 binding at genes' upstream, promoter, intron, exon and intergenic. F. PITX1 binding at TERT, GFI1 and PDCD5 promoters was validated by PCR. Input and IgG were positive and negative controls respectively. 
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map the PITX1-binding regions of the human genome and identify the direct transcriptional targets of PITX1. More than 4000 binding sites were detected and categorized based on their locations relative to the genes in the human genome using the annotation functions of CisGenome. The mapping was done with the gene annotations from the UCSC genome annotation database (02/2009) for the human genome (GRCh37/hg19). The function annotation analysis revealed that these genes were significantly correlated with cell proliferation and apoptosis (Fig. 5A-C) . We tabulated the frequencies of PITX1 binding sites to transcription start sites (TSSs) for every 1 kb. A histogram of PITX1 binding sites residing within the downstream 20 kb or upstream 20 kb genomic regions relative to the annotated TSSs is shown in Fig. 5D . Most of the PITX1 binding regions were identified around the TSS sites (Fig. 5D) . Approximately four-fifths of these were located in intron or intergenic regions, suggesting that PITX1 may regulate gene expression by binding to distal regulatory elements. Consistent with the importance of PITX1 in regulating gene expression by binding to core promoters of its targets, about 6.62% of the regions can be mapped to the gene promoters within 2 kb of the TSS (Fig. 5E) . Using GOminer analysis, we found that the PITX1 binding genes mainly participated in cell growth and cell apoptosis, which was consistent with the observation that overexpression of PITX1 inhibited cell proliferation in AGS and BGC-823 cells and induced cell apoptosis in MCG-823 cells (Fig. 2 and Fig. 3 ). Other interesting enriched GO terms included cell differentiation (GO: 0030154), signal transduction (GO: 0007165), regulation of development progress (GO: 0050793), and tissue development (GO: 0009888) (Fig. 5B) . To confirm the ChIP-seq results, three genes were validated by ChIP-PCR: TERT, which is regulated by PITX1 [13, 26] ; GFI1, which plays a role in G1 phase arrest in the cell cycle [27] ; and PDCD5, which induces GC cell apoptosis [28, 29] . These results confirmed enrichment of the genes in the ChIP DNA pulled down by the PITX1 antibody compared with the mouse negative control IgG (Fig. 5F ). PDCD5, a cell apoptosis-related gene, was thus a candidate gene for further research.
PITX1 binds to the PDCD5 promoter and regulates its expression
The consensus sequence of the AT-rich motif in PITX1 is shown in Fig. 6A . We conducted a luciferase reporter assay to analyze whether PITX1 regulates PDCD5 transcription. We cloned the promoter of PDCD5 (-855 to 947 bp) into a luciferase reporter construct. The assay showed that the transcription activity of the motif was significantly higher in AGS cells transfected with pPITX1 than in cells transfected with pcDNA3.1 plasmids without the motif region (*P < 0.05; Fig. 6B ). Moreover, an EMSA was applied to certify the physical interaction of PITX1 with PDCD5. As shown in Fig. 6C , we found that the motif of PDCD5 specifically interacted with PITX1 protein. The data indicated that PITX1 directly bound to the PDCD5 promoter in vitro. Furthermore, we detected PDCD5 expression in AGS-pPITX1, BGC-pPITX1, and MCG-PITX1 shRNA cells. The results revealed that elevated PITX1 expression increased the expression level of PDCD5 in AGS-pPITX1 and BGC-pPITX1 cells, whereas decreased PITX1 expression reduced the expression level of PDCD5 in MCG PITX1 shRNA cells ( Fig. 6D  and E) . Similarly, it was observed that there was a positive correlation between the PDCD5 expression level and PITX1 protein level in mice injected with MCG-PITX1 shRNA cells (Fig.  6F) . These results implied that PITX1 directly regulated PDCD5 gene transcription by binding to its promoter region not only in vitro, but also in vivo.
PDCD5 promotes cell apoptosis in GC cell lines
To further evaluate whether PITX1 exerted its function on cell apoptosis by regulating PDCD5, we increased the expression of PDCD5 in AGS and BGC-823 cells and knocked down PDCD5 expression in MCG-803 cells (Fig. 7A and C) . We measured cell apoptosis in the cells by flow cytometry and Annexin V staining. The results demonstrated that overexpression of PDCD5 induced cell apoptosis and that knockdown of PDCD5 reduced programmed cell death ( Fig. 7B and D) . Collectively, these data indicated that PITX1 may target the PDCD5 promoter to induce cell apoptosis in GC.
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
PITX1 expression is regulated by miR-19a-3p
In order to understand the regulatory mechanism of PITX1 in GC, we screened for a candidate miRNA that might bind to the 3'UTR of the PITX1 mRNA using TargetScan, PicTar, and miRanda software. miR-19a-3p includes a seed sequence at the 5' end that is complementary to a sequence within the 3'UTR region of PITX1 mRNA (nucleotides 912-919). Moreover, the PITX1 mRNA regions complementary to this 8-nt seed sequence of miR-19a-3p are highly conserved among different species (Fig. 8A) . To further validate the putative sites of the miR-19b initial binding within the 3'UTR of PITX1 mRNA, we generated full-length PITX1-3'UTR luciferase reporter constructs that contained the predicted, wildtype (wt) miR-19a-3p binding sites (PITX1-3'UTR) or a mutant site (PITX1-3'UTR mutant) (Fig. 8B) . A dual luciferase reporter assay confirmed the direct interaction of miR-19a-3p and PITX1 3'UTR in AGS cells (Fig. 8C) . Transient overexpression of miR-19a-3p significantly decreased PITX1 mRNA and protein expression compared with control cells (Fig. 8D) . These data provide evidence that miR-19a-3p repressed PITX1 transcription and translation through specific binding to the PITX1 mRNA sequence.
Discussion
Although PITX1 was first identified to participate in limb morphogenesis and pituitary development [30] , it was also found to have a potential suppressive role in the progression of several cancers, such as colorectal carcinoma [18, 23] , hepatocellular carcinoma [31] , lung cancer [22] , and GC [24] . In normal human tissues, PITX1 expression in gastric normal mucosa is higher than in other digestive system tissues, except the esophageal mucosa(Genotype-Tissue Expression Project), indicating that PITX1 may play an important role in maintenance of the normal gastrointestinal tract. Moreover, our data suggested that PITX1 showed decreased expression in GC tissues and GC cell lines. The potential molecular mechanism of PITX1, particularly how it functions as a transcription factor to regulate gene expression during tumorigenesis, is still poorly understood. In the present study, we revealed how PITX1 acts as a transcriptional activator of apoptosis-related genes.
We found that PITX1 significantly suppressed GC cell proliferation when transiently overexpressed in the GC cell lines AGS and BGC-803. In contrast, cell proliferation ability was improved in MCG-803 cells with PITX1 shRNA. Furthermore, we found that ectopic expression of PITX1 significantly increased the percentage of AGS and BGC-823 cells in the G0/G1 phase, whereas knockdown of PITX1 significantly reduced the percentage of cells in the G0/G1 phase. These data indicated that PITX1 blocked the cell cycle at the G1/S transition. Meanwhile, overexpression of PITX1 significantly increased cell apoptosis by increasing cleaved caspase-3 and cleaved caspase-9. In an in vivo assay, knockdown of PITX1 significantly promoted neoplastic growth (both volume and weight). As expected, the size of the tumor in mice had a negative correlation with the PITX1 expression level in vivo. 
Cellular Physiology and Biochemistry
In a previous study, PITX1 was identified as a suppressor of RAS and found to inhibit tumor promotion [18] . Evidence suggests that unstable PITX1 weakens the transcriptional activity for p120RasGAP, targeting the PITX1-p120RasGAP axis and providing a new therapy for patients with hepatocellular carcinoma [31] . In order to uncover how PITX1 acts as a transcription factor to regulate and modulate GC cell proliferation, we carried out PITX1 ChIP-seq and identified the direct transcriptional targets of PITX1. The genes regulated by PITX1 mainly participated in cell growth and cell apoptosis, which is consistent with its biological function in GC cell lines. Via in-depth analysis of PITX1 binding with tumor-related genes and their function in gastric carcinogenesis, PDCD5 was selected as a candidate gene for further validation. We found that PITX1 regulated PDCD5 gene transcription by directly binding to the PDCD5 promoter and promoted cell apoptosis in GC. In light of these findings, it is clear that PITX1 acts as a classical transcription factor and regulates gene expression during gastric carcinogenesis.
However, the precise molecular mechanism underlying PITX1 regulation of expression remains unclear. Previous studies showed that miRNAs play vital roles in GC carcinogenesis [32] [33] [34] . In addition, miR-19b regulates hTERT mRNA expression by targeting PITX1 mRNA in melanoma cells [26] , and enhanced miR-886-3p expression regulates cell migration, proliferation, and apoptosis by targeting PITX1 in clear cell renal cell carcinoma [35] . In this work, we found that miR-19a-3p directly targeted PITX1 mRNA and led to a decreased expression of PITX1 mRNA and protein. To our knowledge, the present study is the first to provide evidence that PITX1 expression is modulated through miR-19a-3p in GC. miR-19a is frequently overexpressed, promotes cell proliferation and the epithelial to mesenchymal transition, and inhibits cell apoptosis in lung carcinoma [36, 37] , osteosarcoma stem cells [38] , colorectal cancer [39] [40] [41] [42] , cell renal cell carcinoma [43] , oral squamous cell carcinoma [44] , hepatocellular carcinoma cells [45] , pancreatic cancer [46] , GC [47, 48] , cholangiocarcinoma [49] , breast cancer [50] , bladder cancer [51] , medulloblastoma [52] , and cervical carcinoma [53] . Our findings are consistent with these data because they provide evidence that miR19a is a key regulator of the multistep processes of cancer development. Further studies should analyze the correlation between miR-19a-3p and PITX1 in vivo.
In conclusion, to the best of our knowledge, this is the first report to reveal that PITX1 is a crucial regulator of the apoptosis-related gene PDCD5 and plays a role as a tumor suppressor during gastric carcinogenesis. Decreased expression of PITX1 is associated with poor prognosis in GC patients. Elevated PITX1 expression inhibits cellular proliferation by arresting the cell cycle at the G1/S phase and induces cell apoptosis by targeting the PDCD5 promoter in vitro and in vivo. These data indicate a novel potential therapeutic target for GC. In addition, PITX1 expression is modulated by miR-19a-3p, which also provides a potential approach to GC management.
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